Antithyroid drug (ATD)-induced agranulocytosis is associated with human leukocyte antigen (HLA) and nearby genes in Southeast Asian and European populations. The susceptibility of the Han population from northern China to ATD-induced agranulocytosis has not been reported. We evaluated the associations of genetic variants at the HLA-B and HLA-DRB1 loci and 32 candidate single nucleotide polymorphisms (SNPs) with agranulocytosis in 29 patients with ATD-induced agranulocytosis and in 140 patients with Graves' disease (GD) as controls. All subjects were of Han descent from northern China. HLA-B*27:05 (P = 1.10 × 10 −4 ), HLA-B*38:02 (P = 2.41 × 10 −4 ) and HLA-DRB1*08:03 (P = 1.57 × 10 −3 ) were susceptibility HLA variants for ATD-induced agranulocytosis. All subjects carrying the HLA-B*27:05 allele had agranulocytosis. The odds ratios (ORs) comparing allele carriers to non-carriers were 66.24 (95% confidence interval (CI): 3.54-1239.66) for HLA-B*27:05, 7.525 (95% CI: 2.294-24.68) for HLA-B*38:02 and 4.316 (95% CI: 1.56-11.93) for HLA-DRB1*08:03. Two SNPs, rs2596487 (OR = 4.196, 95% CI = 2.086-8.441, P = 2.08 × 10 −5 ) and rs2228391 (OR = 3.621, 95% CI = 1.596-8.217, P = 1.2 × 10 −3 ), were independently associated with ATD-induced agranulocytosis. Subjects carrying the 'A' allele of rs1811197 or HLA-B*38:02 showed lower minimum granulocyte counts than non-carriers (P = 4.74 × 10 −4 and P = 7.39 × 10 −4 , respectively). Our findings support the association between genetic variations of HLA-B and HLA-DRB1 with ATD-induced agranulocytosis in a Han population from northern China.
Scientific REPORTS | 7: 11950 | DOI:10.1038/s41598-017-12350-2 neutrophils [8] [9] [10] . In addition, ATDs also penetrate the bone marrow and exert direct toxic effects on bone marrow characteristics by inhibiting the generation and differentiation of pluripotent hematopoietic stem cells 11 . A certain genetic predisposition has been associated with drug-induced agranulocytosis [12] [13] [14] [15] [16] . The most extensively studied genes are genes encoding the major human leukocyte antigens (HLAs) 14, [17] [18] [19] .
Genetic association studies have underscored the importance of the HLA genes within the major histocompatibility complex (MHC) locus as susceptibility loci for agranulocytosis caused by multiple drugs. Both HLA class I (HLA-A, -B, -C, -E, -F, and -G) and II (HLA-DR, -DQ, -DM, and -DP) molecules are involved in the presentation of antigens to T-cell receptors 20 . HLA-DRB1*08:03 was recently shown to contribute to the risk of ATD-induced agranulocytosis in Japanese and Taiwan Chinese populations 18, 21 . The HLA-B*38:02 allele and single nucleotide polymorphisms (SNPs) in the HLA region were also associated with an increased risk of ATD-induced agranulocytosis in Taiwan and Hong Kong populations 21, 22 . In White European populations, ATD-induced agranulocytosis is associated with the HLA-B*27:05 allele and with a set of SNPs located on chromosome 6 23 . Genetic differences have been observed between Han populations from southern and northern China 24, 25 . We performed a case-control study to investigate the association between ATD-induced agranulocytosis and candidate genes and to investigate the genetic predictors of ATD-induced agranulocytosis in northern Chinese Han populations. Additionally, we explored the associations between genetic polymorphisms and the clinical severity of ATD-induced agranulocytosis.
Results
Demographic characteristics of the study cohort. All subjects were from the Han population in northern China. The general data for the 29 patients with ATD-induced agranulocytosis and the 140 controls with GD who were enrolled in this study are summarized in Supplementary Table S1 . Among the 29 patients who developed agranulocytosis after ATD treatments, 3 were treated with PTU, and 26 were treated with MMI.
HLA genotyping and association analysis. Direct HLA genotyping was used to detect HLA variants (HLA-B and HLA -DRB1) in 29 patients with ATD-induced agranulocytosis and in 140 controls with GD. Genotyping data were missing for 2 patients and 5 controls in this study. Fifty-one HLA-B alleles and 35 HLA-DRB1 alleles were detected in our population. Four HLA-B alleles (HLA-B*15:01, HLA-B*40:01, HLA-B*46:01 and HLA-B*51:01) and 6 HLA-DRB1 alleles (HLA-DRB1*04:05, HLA-DRB1*12:01, HLA-DRB1*09:01, HLA-DRB1*15:01, HLA-DRB1*08:03 and HLA-DRB1*11:01) with allele frequencies greater than 5% were analyzed in the association study. Another 4 HLA alleles (HLA-B*38:02, HLA-B*27:05, HLA-DRB1*01:01 and HLA-DRB1*04:02) with frequencies less than 5% were also included in the analysis because of significant associations with drug-induced agranulocytosis that have been reported in the literatures 16, 19, [21] [22] [23] 26 . In total, the association of 14 HLA alleles with ATD-induced agranulocytosis were analyzed. HLA-B*27:05 (P = 1.10 × 10 −4 ), HLA-B*38:02 (P = 2.41 × 10 −4 ) and HLA-DRB1*08:03(P = 1.57 × 10 −3 ) were significantly associated with ATD-induced agranulocytosis after adjusting with Bonferroni's correction (P < 3.57 × 10 −3 ). The allele frequencies are shown in Table 1 . HLA-B*27:05 was only detected in 18.5% of patients with agranulocytosis but not in the controls with GD, with an odds ratio (OR) of 66.24 (95% confidence interval, [CI] = 3.54-1239.66) for allele carriers compared with non-carriers. HLA-B*38:02 was present in 25.92% of patients with agranulocytosis but was present in only 4.4% of controls with GD with an odds ratio (OR) of 7.525 (95% confidence interval, CI = 2.294-24.68) for allele carriers compared with non-carriers. HLA-DRB1*08:03 was present in 29.6% of patients with agranulocytosis but was only present in 8.9% of controls with GD with an OR of 4.316 (95% CI = 1.56-11.93) for allele carriers compared with non-carriers. According to the linkage disequilibrium (LD) analysis, neither HLA-B*27:05 ( Fig. 1a ) nor HLA-B*38:02 ( Fig. 1b ) was in linkage disequilibrium with HLA-DRB1*08:03.
Allelic and genotypic association analyses. Thirty-two SNPs were genotyped in the 29 patients with ATD-induced agranulocytosis and 140 controls with GD. All genotype frequencies were in Hardy-Weinberg equilibrium (HWE) in both patients and controls. The allele and genotype frequencies of all SNPs in both patients and controls are shown in Table 2 . Among the 32 SNPs, 5 SNPs (rs2596487, rs1811197, rs2228391, rs116869525 and rs4349859) showed an association with ATD-induced agranulocytosis after adjusting with Bonferroni's correction (P < 1.56 × 10 −3 ). The linkage disequilibrium between the classical HLA alleles and the 5 SNPs is shown in Fig. 1 Table 1 . Results of the association analysis using direct HLA typing. MAF: minor allele frequency; CI: confidence interval; OR: odds ratio; Add: additive. ¶ ORs and 95% CIs were estimated by adding 0.5 to all cells when a value of zero was present in one cell.
sequence A (MICA) gene, exhibited high linkage disequilibrium with HLA-B*27:05. Rs116869525, which is located in the intergenic region between the BTNL2 and HLA-DRA genes, exhibited high linkage disequilibrium with HLA-DRB1*08:03 (r 2 = 0.95), and rs2596487 and rs1811197 were in high LD (r 2 = 0.97) with each other. Logistic regression analyses were performed to investigate the contributions of the 5 significant SNPs to ATD-induced agranulocytosis. Rs4349859 and rs1811197 were not included in the analysis. Rs4349859 was not included in the regression model because no minor alleles ("A" allele of rs434985) were detected in the control patients with GD, and rs1811197 was not included in the model because of its high linkage disequilibrium with rs2596487. The final regression model revealed independent effects of rs2596487 (P = 0.0005) and rs116869525 (P = 0.0046) on ATD-induced agranulocytosis. In this model, the area under the receiver operating characteristic curve (AUC) was 0.722 (Fig. 2) . The incidence rate of ATD-induced agranulocytosis was reported to be 0.001 to 0.005 2, 4, 27, 28 . Assuming that the prevalence of ATD-induced agranulocytosis is 0.005 (one in 200 patients), we could theoretically reduce the incidence to 0.00190 (0.005-0.621 × 0.005) 22,23 by genotyping for these two SNPs using an estimated sensitivity of 0.621. Approximately 322 patients (1/[0.005-0.00190]) should be screened by genotyping rs2596487 and rs116869525 to prevent one case of agranulocytosis.
Stratification association study. We analyzed the patients and controls by separating males and females according to the results presented above to determine whether gender played a role in the association. Due to the limited number of the male patients in the present study, we only analyzed the female population. The associations of HLA-B*27:05, HLA-DRB1*08:03 and 5 SNPs (rs2596487, rs116869525, rs2228391, rs1811197 and rs4349859) with agranulocytosis were still significant in the female patients. When we considered medication type (MMI or PTU), the associations of two HLA alleles (HLA-B*38:02 and HLA-DRB1*08:03) and 2 SNPs (rs2596487 and rs1811197) with agranulocytosis were strengthened when patients with PTU-induced agranulocytosis were removed from the analysis (See Supplementary Tables S2 and S3 ).
Associations of genotype with clinical parameters in patients with ATD-induced agranulocytosis. Associations of genetic variants and clinical parameters were analyzed in patients with ATD-induced
agranulocytosis. The minimum granulocyte count was used to reveal the severity of agranulocytosis. As shown in Table 3 , subjects carrying the GA genotype at rs1811197 showed lower minimum granulocyte counts (0.01 × 10 9 /L (0.00 × 10 9 /L-0.02 × 10 9 /L) vs. 0.19 × 10 9 /L (0.03 × 10 9 /L-0.43 × 10 9 /L), P = 4.74 × 10 −4 ) than GG homozygotes. In addition, patients carrying the HLA-B*38:02 allele showed lower minimum granulocyte counts than HLA-B*38:02 non-carriers (0.00 × 10 9 /L (0.00 × 10 9 /L-0.01 × 10 9 /L) vs. 0.07 × 10 9 /L (0.02 × 10 9 /L-0.42 × 10 9 /L), P = 7.39 × 10 −4 ).
Discussion
Agranulocytosis is the most dangerous side effect of ATD treatments, and the pathogenesis of ATD-induced agranulocytosis remains unclear. Recent genome-wide association studies (GWAS) have investigated the genetic predisposition of ATD-induced agranulocytosis in White European populations and Chinese populations in Hong Kong and Taiwan [21] [22] [23] . In this study, alleles of the classical HLA genes (HLA-B*27:05, HLA-B*38:02 and HLA-DRB1*08:03) and SNPs located in nearby genes (rs2596487 and rs1811197 located upstream of the HLA-B gene and rs2228391 on the transporter associated with antigen processing (TAP) gene) were associated with susceptibility of a northern Chinese Han population to ATD-induced agranulocytosis. Table 2 . Allele and genotype frequency in the SNP association analysis. MAF: minor allele frequency; CI: confidence interval; OR: odds ratio; Add: additive. Significant P values are in bold. ¶ ORs and 95% CIs were estimated by adding 0.5 to all cells when a value of zero was present in one cell.
Substantial variations in HLA allele distributions have been observed across populations 29 . Even within the Chinese Han population, genetic differences have been observed among southern and northern populations 30 . Drug-induced agranulocytosis is associated with the HLA region but differs between populations. The HLA-B*38 allele was reported to be implicated in clozapine-induced agranulocytosis in Israeli Jewish patients with schizophrenia 14 but not in other populations 12, 16 . Recent studies have revealed a genetic contribution of the HLA-B*27:05 allele in predicting ATD-induced agranulocytosis in White European populations 23 29 , with an allele frequencies of 4%-7% in southern China 29,31 and 1.9%-2.7% in northern China 29, 32 . We speculated that the differences in HLA allele frequencies among populations might affect the ability to detect an association between certain HLA genes and ATD-induced agranulocytosis.
Five SNPs (rs4349859, rs2596487, rs1811197, rs2228391 and rs116869525) were associated with ATD-induced agranulocytosis in our population. First, rs4349859, which has been found to tag HLA-B*27 subtypes in patients 
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Interval from ATD initiation to onset of agranulocytosis (days) of European descent with major ankylosing spondylitis 33 , was in high LD with HLA-B*27:05 in our population and showed a strong associations with ATD-induced agranulocytosis in a European population 23 and agranulocytosis associated with levamisole-adulterated cocaine in Alberta and British Columbia populations 34 . Second, rs116869525, which was in high LD with HLA-DRB1*08:03 in both Chinese patients from Taiwan 21 and our population, showed an association with ATD-induced agranulocytosis in both populations. Third, the top two SNPs, rs2596487 and rs 1811197, are located in upstream of the HLA-B genes. Rs2596487 was previously reported to be associated with susceptibility to ATD-induced agranulocytosis in European subjects 23 and Chinese patients from Taiwan 21 . Rs1811197 was associated with ATD-induced agranulocytosis in European subjects 23 . Fourth, in addition to the HLA region, non-HLA genes also contribute to the susceptibility to agranulocytosis. Rs2228391, which is located in exon 4 of the TAP2 gene, was previously shown to be associated with ATD-induced agranulocytosis in Chinese patients from Taiwan 21 . The TAP2 gene encodes a subunit of TAP, which works with its binding protein, TAPBP, and participates in antigen presentation and processing.
In the previous GWAS from Hong Kong, HLA-B*38:02:01 was associated with CMZ/MMI-induced agranulocytosis but not with PTU-induced agranulocytosis 22 . Our findings are in line with the Hong Kong GWAS that the associations of HLA-B*38:02, HLA-DRB1*08:03, rs2596487 and rs1811197 with ATD-induced agranulocytosis become even stronger in patients with agranulocytosis caused only by MMI. Neither of the 2 PTU-induced agranulocytosis cases carried HLA-B*38:02 or HLA-DRB1*08:03. These findings suggest that the predisposing genetic factors for agranulocytosis induced by different antithyroid drugs might be different.
In this study, genetic variants were also helpful in predicting the severity of ATD-induced agranulocytosis. Patients carrying the "A" allele of SNP rs1811197 or the HLA-B*38:02 allele more easily develop severe agranulocytosis. However, the factors influencing the granulocyte count may be complicated and are not completely explained by genetics. Other factors, including delayed diagnosis and patient complications, are also involved in the severity of agranulocytosis 35 .
Our study and previous genetic studies provide a further explanation that genetic factors participate in the mechanism of ATD-induced agranulocytosis. Different major HLA genes or non-HLA genes may underlie the genetic predisposition of ATD-induced agranulocytosis but vary among populations.
The main limitation of our study is its single-center design. The number of subjects with ATD-induced agranulocytosis was relatively small, and the possibility of a population substructure cannot be completely excluded for any single genetic association study. However, despite this limitation, we identified a strong association between ATD-induced agranulocytosis and genetic polymorphisms. Further studies using larger samples with different regional backgrounds are needed to determine the validity of these associations, particularly within different ethnic populations.
In 
Materials and Methods
Study subjects. Subjects were diagnosed with GD based on clinical and biochemical hyperthyroidism, along with the presence of either thyroid exophthalmos or diffuse goiter and a significant titer of autoantibodies. ATDs, including MMI or PTU, were administered to all patients. Patients were diagnosed with ATD-induced agranulocytosis based on the criteria listed below. First, patients were confirmed to have a granulocyte count greater than or equal to 1.5 × 10 9 /L before they were administered ATDs. Second, the granulocyte count fell below 0.5 × 10 9 /L after ATD administration, and the patients recovered from agranulocytosis after the cessation of ATD treatment. Patients who had underlying hematological diseases (e.g., chronic neutropenia, myelodysplasia, aplastic anemia and pancytopenia) or systemic diseases (e.g., current systemic lupus erythematosus and current hepatocirrhosis) associated with neutropenia were excluded from the study. Subjects were also excluded from the study if they had a concomitant treatment known to affect leukocyte quantity (e.g., anticancer chemotherapy). The causality between ATDs and agranulocytosis was assessed using the World Health Organization -Uppsala Medical Centre (WHO-UMC) criteria with the causality term of 'Certain' in all 29 patients with ATD-induced agranulocytosis 36 . The Naranjo algorithm score was 7-8 (probable adverse drug reactions, ADR) in 20 patients because patients were not re-administered ATDs who were diagnosed with ATD-induced agranulocytosis 37 . The Naranjo algorithm score reached 9 (definite ADR) in the remaining 9 cases.
Because 80% of cases of ATD-induced agranulocytosis occur in the first 3 months 3, 4, 38, 39 , the GD control group was composed of subjects with GD who had been treated with ATDs for at least 3 months and had not developed agranulocytosis upon entering the study. All control patients with GD were confirmed to have a normal granulocyte count during the subsequent treatment.
Between April 2013 and May 2016, 169 Chinese subjects, including 140 control patients with GD and 29 patients with ATD-induced agranulocytosis, were recruited from the inpatient and outpatient Endocrinology Departments of the First Affiliated Hospital of Xi'an Jiaotong University. Clinical data (including demographic information and medical history) were obtained from the control patients with GD in the outpatient department by reviewing their medical records. The medical records of patients with ATD-induced agranulocytosis were reviewed in detail. All data, including age of agranulocytosis onset, gender, interval days from ATD initiation to agranulocytosis onset, and biochemical test results (white blood cell and granulocyte counts) were obtained from the hospital's computerized medical database.
This study was approved by the Medical ethics committee of the First Affiliated Hospital of Xi'an Jiaotong University (ethical approval no. KYLLSL-2013-107-01). All experimental procedures were performed according to standard guidelines and procedures approved by the above Ethics Committee. Informed consent was obtained from all participants.
Genotyping. First, 28 SNPs located on chromosome 6 were considered candidates because of their previously reported involvement in agranulocytosis caused by either ATDs or other drugs 13, 15, [21] [22] [23] . Second, we examined marker SNPs in Haploview (v. 4.2) using the CHB (Han Chinese in Beijing, China) population and a minor allele frequency cut-off (MAF) of ≥5% (HapMap Data Release 27). Four marker SNPs within or near the HLA-B region were also screened as candidate loci because they are tag SNPs of the HLA-B gene or that region. Finally, 32 candidate SNPs were selected ( Supplementary Table S4 ). Genomic DNA was isolated from peripheral blood samples using a genomic DNA kit (Tiangen Biotech Co., Ltd., China), according to the manufacturer's protocol. SNP genotyping was performed using an iPLEX MassARRAY system (Sequenom, Inc., San Diego, CA, USA). Assay data were analyzed using Sequenom TYPER software (v. 3.4) . The reliability of the subsequent statistical analysis was ensured by the high final genotype call rate for each SNP (greater than 98%) and the overall genotyping call rate (99.3%). Additionally, a random 5% of the samples were reanalyzed, and the results were 100% concordant.
HLA typing and analysis. High resolution HLA sequence-based typing was performed. HLA-B polymorphisms on exon 2, exon 3 and exon 4, and HLA-DRB1 polymorphisms on exon 2 were determined using the SeCore HLA Sequence-based Typing Kit (Capitalbio Corporation, China). The sequencing reaction for each exon was performed using a Big Dye terminator v3.1 cycle sequencing kit. Sequencing was performed on an automated ABI 3730 sequencer (Applied Biosystems, Foster City, CA, USA). The allele assignment was obtained by comparing the determined sequence with all combinations of known allele sequences in the IMGT/HLA database using the Assign-ATF sequence analysis software V1.0 (Conexio Genomics Pty Ltd., Australia). HLA association studies were performed using PLINK software version 1.9.
Statistical analysis. The allele frequencies and genotype distributions for each SNP and HLA variant were descriptively summarized using PLINK software version 1.9 (Shaun Purcell, Christopher Chang, https://www. cog-genomics.org/plink2). The chi-square test or Fisher's exact test was used to examine HWE for SNPs and HLA alleles. The association between genotype polymorphisms and the risk of ATD-induced agranulocytosis was estimated using P values, ORs, and 95% CIs. Haldane's correction was performed when a value of zero was present in one cell. A P value cut-off of <1.56 × 10 −3 was considered to indicate statistically significant after performing Bonferroni's correction for the number of SNPs (n = 32), and a cut-off <3.57 × 10 −3 was considered statistical significance after performing Bonferroni's correction for the number of HLA alleles (n = 14). Pairwise LD statistics and haplotype frequencies were computed using Haploview 4.2 to construct haplotype blocks and to evaluate the association of haplotypes with ATD-induced agranulocytosis susceptibility 40 .
SPSS software (version 17.0; SPSS Inc., USA) was used to analyze differences in clinical parameters among different genotypes. A t-test was used to detect between-group differences for normally distributed variables (age of agranulocytosis onset), whereas the non-parametric Mann-Whitney U test was used for non-normally distributed variables (interval from ATD initiation to the onset of agranulocytosis and minimum granulocyte count). Normally distributed variables were reported as the means ± standard deviations (SD). The remaining continuous variables were reported as medians with quartiles due to their non-normal distributions.
